A granular system composed of ferrimagnetic NiFe 2 O 4 nanoparticles, about 8 nm in size, embedded in an antiferromagnetic NiO matrix has been synthesized by a high-temperature phase precipitation method from Fe-doped NiO matrix. Both the exchange bias field and vertical magnetization shift can be observed in this system below 250 K after field cooling, above which the exchange bias disappears. Furthermore, the exchange bias field shows a linear dependence on the magnetization shift. This observed exchange bias effect is explained in terms of the exchange interaction between the ferrimagnetic phase and the spin-glass-like phase at the interface.
A magnetic system containing the ferromagnetic/ antiferromagnetic ͑FM/AFM͒ interface may exhibit exchange bias effect 1-3 characterized by the horizontal shift of the hysteresis loops after the system is cooled down through the critical temperature in an external field. This effect was discovered about half a century ago by Meiklejohn and Bean 4 in passivated Co-CoO nanoparticles. During the past decade, the studies of this effect have been mainly focused on multilayer film systems due to their applicability in spin valves for magnetic recording and sensor devices. 5 Recently, the study of exchange bias effects in fine-particle systems is sparking a renewed interest because it has been demonstrated that FM-AFM exchange interactions can be useful to beat the superparamagnetic limit in FM nanoparticles. 6, 7 Nevertheless, most studies have been emphasized in transition metal particles embedded in their AFM native oxides, such as Co-CoO, 8 Ni-NiO, 9 Mn-Mn x O y , 10 and Fe-Fe x O y , 11 or oxides with different oxidation states, as in CrO 2 -Cr 2 O 3 , 12 Fe 3 O 4 -FeO, 13 and Mn 3 O 4 -MnO. 14 These severely restrict the technological applications of these types of materials. Therefore, it is of particular importance to exploit the routes for the synthesis of complex FM-AFM nanostructures from alternative materials other than partially oxided metal nanoparticles.
In this present work, we report the exchange bias effect observed in a granular system of ferrimagnetic ͑Ferri͒ NiFe 2 O 4 nanoparticles embedded in an AFM NiO matrix synthesized by a high-temperature phase precipitation method from Fe-doped NiO matrix. This process yields a selective formation of Ferri NiFe 2 O 4 phase at high temperatures and leaving the other NiO as the AFM phase. This resulting material can exhibit both the horizontal and vertical shift in the hysteresis loops at low temperatures when it is field cooled from 350 K.
The ͑1−x͒NiO/ xNiFe 2 O 4 nanocomposites with x = 0.05 were prepared by a high-temperature phase precipitation method from Fe-doped NiO matrix, similar to the description in the literature. 15 Stoichiometric amounts of Ferric chloride ͑FeCl 3 ·6H 2 O͒ and nickel chloride ͑NiCl· 6H 2 O͒ were first dissolved in distilled water. After that, appropriate ammonium bicarbonate ͑NH 4 HCO 3 ͒ solution was added to the mixture solution under constant stirring. The resulting precipitation was dried at 120°C to obtain precursor powders. Finally, the obtained powders were sintered at 600°C for 3 h, giving rise to the NiO/ NiFe 2 O 4 nanocomposites. The microstructure of the samples was investigated by x-ray diffraction ͑XRD͒ and high-resolution transmission electron microscopy ͑HRTEM͒. Magnetic measurements were performed using a commercial physical properties measurements system ͑Quantum Design͒.
The XRD spectra for the NiO/ NiFe 2 O 4 nanocomposites are shown in Fig. 1͑a͒ The temperature dependent magnetization curves in zero-field-cooled ͑ZFC͒ and field-cooled ͑FC͒ processes with an applied low field of 0.1 kOe are shown in Fig. 2͑a͒ . It can be seen that the ZFC and FC magnetization curves show a distinct irreversibility behavior, and this irreversibility persists up to 350 K. This suggests that a strong FM/AFM exchange coupling exists in this granular system. To further investigate the magnetic features of this system, the ZFC and FC curves with an applied high field of 30 kOe are also shown in Fig. 2͑b͒ . The ZFC and FC magnetization curves show distinct divergence below the irreversibility temperature T irr Ϸ 250 K, indicated that part of the total magnetization is frozen along the field-cooling direction. Moreover, the ZFC magnetization exhibits a broad peak at around 190 K, which indicates a broad distribution of freezing temperature in magnetic moments. 16 The peak temperature T f Ϸ 190 K can be called as the average freezing temperature of the composite. This behavior is similar to the feature of the spinglass-like ͑SGL͒ system. Actually, it has been recognized that the surface layer of ferrites may enter the SGL state at low temperatures. 17, 18 Thus, it is not surprising that SGL phase can be existed at the interface between the NiFe 2 O 4 phase and the NiO matrix. Figure 3 shows the magnetic hysteresis loops measured at 10 K after both the ZFC and FC process from 350 K in a magnetic field of 30 kOe. It is evident that the ZFC hysteresis loop keeps good central symmetry. While the FC hysteresis loop displaces a negative exchange field H EB Ϸ 2200 Oe and a coercivity enhancement ⌬H C Ϸ 1250 Oe, which reveals the existence of exchange coupling at the Ferri/AFM interface. The inset also shows the cooling field dependence of H EB , it can be seen that H EB reaches its saturated values with the increase in the cooling field, after the initial increase in H EB with the cooling field increasing from 0 to 12 kOe. For small cooling fields ͑H Յ 12 kOe͒, only a part of spins at the Ferri/AFM interface are pinned along the cooling field direction. With the increase in the cooling field, more of the spins are pinned along the field direction and the exchange interaction is enhanced. Accordingly, H EB increases with the cooling field. As the cooling field is high enough ͑H Ͼ 12 kOe͒, the pinned spins along the field vary little with the increase in the cooling field. Thus, H EB reaches its saturated values. Furthermore, the system also exhibits a positive vertical magnetization shift with ⌬M / M S Ϸ 10%, where ⌬M is the difference of saturation magnetization between the measured loop and the loop centered in the M axis.
To reveal the origin of this exchange bias effect, the temperature dependence of H EB and ⌬M / M S are also investigated. In these measurements, in order to overcome the influence of training effect on the exchange bias, 19 the sample was first cooled down from 350 K to the measuring temperature under a magnetic field of 30 kOe, and then the magnetic hysteresis loop was measured. This process was repeated for every measuring temperature. As presented in Fig. 4 , H EB decreases with increasing temperature and appears to be vanished at T Ϸ 250 K, in correspondence with the irreversibility temperature T irr . ⌬M / M S shows a very 20 and Co/NiO bilayers, 21 the uncompensated spins of NiO can play the role of pinned magnetization moment. If the vertical magnetization shifts mainly result from the pinned NiO component in our system, the observed ⌬M should be orders of magnitude smaller. In comparison with the report in Co/NiO bilayers, 21 Ͻ0.3% vertical magnetization shift was found. This may suggest that additional pinned magnetization is needed to explain the observed ⌬M. Another possible mechanism is the existence of the SGL phase at the interface. Considering that the fine size effect of NiFe 2 O 4 nanoparticles and its well dispersion in the AFM NiO matrix, SGL phase can be formed due to the existence of structural disorder regions at the interface and extends to some atomic layers from the inner part of NiFe 2 O 4 nanoparticles. In such conditions, more uncompensated spins of the SGL phase can be pinned along the field direction leading to the appearance of large ⌬M. It is also noted that the FC loops are open and unsaturated in a field of 30 kOe, which could be a sign of the existence of SGL phase. 22, 23 As mentioned above, the observed exchange bias effect can be explored based on the fact that there exists the coupling between the Ferri phase and SGL phase at the interface. When a magnetic field is applied in the temperature range T irr Ͻ T Ͻ T C , the FM spins line up with the field, while the SGL spins remain random. As the temperature cools to T Ͻ T irr , some of the net uncompensated spins of the SGL phase are pinned along the field-cooling direction due to the exchange interaction at the Ferri/SGL interface. When the field is reversed, this net uncompensated spins are frozen along the field direction and cannot be rotated with the field, which may be responsible for the vertical shifts of the hysteresis loop. On the other hand, the frozen spins in the SGL regions at the interface exert a microscopic torque on the Ferri spins in order to keep them in the original direction. As a result, the magnetic hysteresis loop shifts to the negative field and the H EB appears. Furthermore, since the magnetization direction of those frozen spins remained unchanged during the magnetization reversal, those spins can be regarded as the main source of the pinning sites. The observed linear dependence of H EB on ⌬M / M S shown in Fig. 4 may strongly indicate that the exchange field is proportional to the number of uncompensated pinned spins in the SGL phase.
In summary, exchange bias fields accompanying vertical magnetization shifts are observed in a nanogranular system composed of Ferri NiFe 2 O 4 nanoparticles embedded in an AFM NiO matrix. The H EB can be as large as 2200Ϯ 25 Oe and the ⌬M / M S reaches 10% at 10 K after field cooling from 350 K. Both the H EB and ⌬M decrease with increasing of temperature and approach zero at around 250 K, in which the H EB shows a linear dependence on the vertical shift. The exchange bias originates from the pinning to Ferri clusters by frozen spins in the SGL phase along cooling field direction due to the interfacial exchange interaction. 
